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(54) Reducing subterranean formation water permeability 



(57) The water permeability of a subterranean for- 
mation is reduced by introducing into the formation a wa- 
ter flow resisting chemical which attaches to adsorption 
sites on surfaces within the porosity of the formation and 
reduces the water permeability thereof without substan- 



tially reducing the hydrocarbon permeability thereof. 
The water flow resisting chemical is comprised of a pol- 
ymer of at least one hydrophilic monomer and at least 
one hydrophobteally modified hydrophilic monomer. 
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Description 



t„?? re8 r t 'T nti0n "*T 10 3 meth0d ° ,trea,in9 a Water and h y*°carbon producing subterranean for- 
mation to reduce the water permeability thereof. 

[0002J The production of water with hydrocarbons, i.e. oil and/or gas, from wells constitutes a major problem and 
ZZTJTi 0< ^ hydroCart,0n8 - ™* l«*«*0 wells are usually c ompteted inTyd^ 

22 ? Ttf2 ? ,^1a ^ ,n8 • T ,he ,0rTnati0n8 COntaIn of water and °» * "«« are water P rod2£ 
zones near the hydrocarbon producing formations, the higher mobility of the water often allows it to flow into the wS 
bores wheh penetrate the hydrocarbon producing formations by way of natural fractures and" high %Z£L 
streaks. In me production of such well., the ratios of water to hydrocarbons recovered often becleto EE? S 
cost of producing the water, separating it from the hydrocarbons and deposing of « represents a signiJ^nomic 

solutions containing cross-Unking agents have been utilized heretofore. In the case of naturally fractured fZatioT 
such aqueous polymer solutions have been pumped into the hydrocarbon producing formatLT nat Z e^r 
c a ul^f; n th8 «- therein. The cross-Lng of Z?£Z r 

causes them to form stiff gels which aid in stopping or reducing the flow of the undeslred water While me useTf 
aqueous po ymer solutions for reducing the production of undeslred water has achieved varying degreed of^ss 

£2 r % ^ " 0t 8Uitebte ,0r pf0dUC,n9 fo,ma,lon treatmente ^less the polyml solution^ 

placed solely in the offending water producing zone or zones therein. If a polymer solution is allowed to gel in 
hydrocarbon producing zone, the cross-linked polymer gel formed will reduce or stop the flow of hydrSZns in 
addfcontotheflow of water. Theses 

time-consumrng zonal isolation placement technology. In addition, even when a polymer solution is pSJSSTn' 

VSZ ? ,n92 T* e ^" l,nked9al8 ^ 

and/or dtferences ,n the adsorption characteristics of the polymer and associated cross-linker and the like 
[0004] More recently, chemicals referred to as rotative permeability modifiers have been utilized to decease the 
paction of water with hydrocarbons. That is, water permeabiiity modifying chemicals such as ^alytZ ha^e 
b^n^ntroduced ,nto hydrocarbon and water producing formations so that the chemlcais attach to aZtioTSe^n 
surfaces w<h,n the porosity of theformattons. The presence of the chemicals In the formations has the^of^ina 
he flow o water through the formations while having a minimal effect on the flow of hydrocarbons Ztto^Te 
use of water permeability modifying chemicals in hydrocarbon and water producing formations to toZta 
duction of water is considerably less expensive than other techniques such as blocWngthe flow JSZZi >L™ 
l,nkedpo^ersanddoesnotrequi re expensivezona.«o.at.ont^^^^ 

permeab.i.ty modifying chemicals, e.g. polyacryiamides. have heretofore resulted in onfy sZZZX ^Z 
production and/or unacceptable levels of reduction in hydrocarbon production " water 

t °°? S1 ™. U8 ' there m nee<te tor im P roved mathod s of treating water and hydrocarbon producing subterranean for- 
mations uttang water permeability modifying chemicals which are more effective in reducing , S DrodTcZ ^ 
minimal or no reduction in hydrocarbon production. reoucing water production with 

[0006] In one aspect, the present invention provides a method of treating a water and hydrocarbon oroducino sub- 
terranean formation to reduce the water permeability thereof, which method comprises imSS^SSS^ 

phobfcalry mooted hydrophilc monomer, which polymer attaches to adsorption sites on surfaces wimta the porosS 
o^fonnahon ,to reduce the water permeability thereof »ithoutsubstar«alV reducing me hydro^Zn p rrmeaSy 
bTJenonS^ 

f^r^r^^ !^ ,ny ' P^°^^ 3 «*^d^adiy!arnmonlumetriyl methacrylate broml*^*mer3^ 

Further the mote ratio of the hydrophific monomer(s) to the hydrophobic^ modified hydrophilic rSnler^nTe 
polymers is preferably in the range of from about 99.98:0.02 to about 90-10 monomer^) « tne 

[00081 The polymer utilized can be introduced into the formation to be treated in an aqueous earner liquid solution 

ZtZ^T^JT^TT tha ,0mtlti0n - ^ i0ma6 ° n 18 LESSEE, 
polymer has attached to surfaces withm the porosity of the formation, a secondary overflush of a hydrocarbon such 
asd,eselo..(*agas.n^ 

the subsequent production of hydrocarbons therethrough. racmtate 
[00091 The term "water" when used herein in reference to the water produced with hydrocarbons from subterranean 
formations includes salt water and brines. m su °r«ranean 

[00101 The polymers usefulin accordance with this invention can be prepared from a variety of hydrophific monomers 
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and hydrophobicaily modified hydrophiiic monomers. 

[0011] Examples of particularly suitable hydrophiiic monomers which can be utilized include, but are not limited to, 
acrylamide, 2-acrylamido-2-methyl propane sulfonic acid. N.N-dimethylacrylamide, vinyl pyrrolidone, dimethylaminoe^ 
thyl methacrylate, acrylic acid, dimethylaminopropylmethacrylamide, trimethylammoniumethyl methacrylate chloride, 
5 methacrylamide and hydroxy ethyl aery late. Of these, acrylamide, 2-acrylamido-2-methyl propane sulfonic acid, acrylic 
acid, dimethylaminoethyl methacrylate and vinyl pyrrolidone are preferred. 

[0012) A variety of hydrophobicaily modified hydrophiiic monomers can also be utilized to form the polymers useful 
in accordance with this invention. Particularly suitable hydrophobicaily modified hydrophiiic monomers include, but are 
not limited to. alkyl acrylates, alky! methacryiates, alkyl acrylarnldes and alkyl methacrytamides wherein the aikyl rad- 

io jcals have from about 4 to about 22 carbon atoms, aikyl df methylammoniumethyl methacrylate bromide, alkyl dimeth- 
ylammoniumethyl methacrylate chloride and alkyl dimethylammoniumethyl methacrylate iodide wherein the alkyl rad- 
icals have from about 4 to about 22 carbon atoms and alkyl dimethylammonium-propylmethacrylarnide bromide, alkyl 
dimethylammonium propylmethacryiamide chloride and alkyl dimethylammoniumpropylmeth acrylamide iodide wherein 
the alkyl groups have from about 4 to about 22 carbon atoms. Of these, octao^cyldimethylammoniumethyl methacrylate 

is bromide, hexadecyldimemyl-ammoniumethyl methacrylate bromide, hexadecyldimethylammoniumpropyl methacryla- 
mide bromide, 2-ethylhexyl methacrylate and hexadecyl methacrylamide are preferred. 

[0013] Polymers which are useful In accordance with the present Invention can be prepared by polymerizing any 
one or more of the hydrophiiic monomers with any one or more of the hydrophobicalry modified hydrophiiic monomers. 
While the polymerization reaction can be performed in various ways, an example of a particularly suitable procedure 

20 for polymerizing water soluble monomers is as follows. Into a 260 mL-3 neck round bottom flask, charge the following: 
47.7 g Dl water, 1 .1 g acrylamide and 0.38 g aikyl dimethylammoniumethyl methacrylate bromide. The solution formed 
is sparged with nitrogen for approximately 30 minutes, followed by the addition of 0.0127 g of 2,2 , -azobia (2-amidino- 
propane) dihydrochloride. The resulting solution is then heated, with stirring, to 1 1 0° F and held for 1 8 hours to produce 
a highly viscous polymer solution. 

25 [0014] When the hydrophobicalry modified hydrophiiic monomer is not water soluble, e.g., octadecylmethacrylate, 
the following procedure can be utilized, into a 250 mL-3 neck round bottom flask, charge the following: 41 .2 g Dl water 
and 1 .26 g acrylamide. The solution formed is sparged with nitrogen for approximately 30 minutes, followed by the 
addition of 0.06 g of octadecyl methacrylate and 0.46 g of a cocoamidopropyl betaine surfactant. The mixture is stirred 
until a homogeneous, clear solution is obtained followed by the addition of 0.0055 g of 2,2'-azobis (2-amidinopropane) 

30 dihydrochloride. The resulting solution is then heated, with stirring, to 11 0°F and held for 1 8 hours to produce a highly 
viscous polymer solution. 

[0015] In addition, the polymerization procedure may employ a hydrocarbon reaction medium instead of water. In 
this case, appropriate surfactants are used to emulsify the hydrophilic/hydrophobic monomers : and the product is 
obtained as an oil extemalA/vater internal emulsion. 

35 [001 6] Suitable polymers prepared as described above have estimated molecular weights in the range of from about 
250,000 to about 3,000,000 and have mole ratios of the hydrophiiic monomer(s) to the hydrophobicaily modified hy- 
drophiiic monomer(s) in the range of from about 99.98:0.02 to about 90:10. Particularly suitable polymers having mo- 
lecular weights and mole ratios in the ranges set forth above include, but are not limited to, an acrylamide/octadecyld- 
imethylammoniumethyl methacrylate bromide copolymer, a dimethylaminoethyl methacrylate/hexadecyldimethylam- 

40 moniumethyl methacrylate bromide copolymer, a dimethylaminoethyl methacrylate/vinyl pyrrolidone/hexadecytdimeth- 
ylammoniumethyl methacrylate bromide terporymer and an acrylamide/2-acrylamido-2-methyl propane sulfonic acid/ 
2-ethylhexyl methacrylate terporymer. Of these, an acrylamkJe/octadecyl dimethylammoniumethyl methacrylate bro- 
mide copolymer having a mole ratio of hydrophiiic monomer to hydrophobicaily modified hydrophiiic monomer of 96: 
4 is presently preferred. 

4* [001 7] An improved method of this invention for treating a water and hydrocarbon producing subterranean formation 
to reduce the water permeability thereof without substantially reducing the hydrocarbon permeability thereof is com- 
prised of the following steps. A polymer of at least one hydrophiBc monomer and at least one hydrophobicaily modified 
hydrophiiic monomer is prepared having a molecular weight in the range of from about 100,000 to about 10,000,000 
and having a mole ratio of hydrophiiic monomers) to hydrophobicaily modified hydrophiiic monomer(s) in the range 

so of from about 99.98:0.02 to about 90:1 0. Thereafter, the polymer is introduced into the subterranean formation to be 
treated so that the polymer attaches to adsorption sites on surfaces within the porosity of the formation. 
[0018] In carrying out the above described method, the polymer is preferably dissolved in an aqueous carrier liquid 
and the resulting solution containing the polymer is introduced into the formation. The aqueous carrier liquid can be 
fresh water, seawater, or an aqueous salt solution. The aqueous carrier liquid is preferably an aqueous salt solution 

55 containing one or more salts in an amount in the range of from about 2% to about 10% by weight of the solution. A 
variety of salts can be utilized in the aqueous solution such as potassium chloride, sodium chloride, ammonium chloride 
and calcium chloride. 

[0019] In order to facilitate the flow of the carrier liquid solution containing the polymer into the formation being 



3 



BNSOCCID: <EP 1 193366A1J_> 



BP 1 193 365 A1 



treated, a surfactant can be included in the carrier fluid solution. While a variety of surfactants can be used, a presently 
preferred surfactant is cocoylamidopropylbetaine. When used, the surfactant is included in the carrier liquid solution 
in an amount in the range of from about 0.1 0% to about 2.0% by weight of the solution, more preferably in an amount 
in the range of from about 0.5% to about 1%. 

5 [0020] After the treatment described above whereby the polymer utilized is adsorbed onto the formation surfaces, 
an after-flush of a hydrocarbon liquid such as kerosene, diesel oil or crude oil or a hydrocarbon or inert gas such as 
methane and natural gas or nitrogen (when the formation produces gas) can be introduced into the formation. Although 
it is not required in order for the polymer to be effective, the hydrocarbon liquid or gas after-flush in the formation 
facilitates the subsequent flow of hydrocarbons through the formation. 

10 [0021J In order to further illustrate the methods of the present invention, the following examples are given. 

Example 1 

[00221 Various cationic hydrophoblcally modified hydrophillc monomers were prepared in accordance with the pro- 
15 cedures described above by reacting dimethylaminoethyl methacrylate with hexadecyl bromide, octadecyl bromide 
and 1-bromodocosane (behenyl bromide) to produce hexadecyl, octadecyl and behenyl dimethylammonium-ethyl 
methacrylate bromide. Various mole percentages of the hydrophoblcally modified hydrophilic monomers and acryla- 
mide were then reacted to produce copolymers having estimated molecular weights in the range of from about 250,000 
to about 3,000,000. In addition, a non-ionic hydrophobic monomer, i.e., octadecylmethacrylate was dissolved in an 
aqueous solution containing a suitable surfactant and copolymerized with acrylamide as described above. The various 
copolymers produced are described in TABLE I below. 

[0023] For comparison purposes, polyacrylamide and two commercially available poryacrylamide polymers of known 
molecular weight, i.e., "ALCOFLOOD 245S™" and "ALCOFLOOD 935™" are included in TABLE I. 
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13 



20 



23 



30 



40 



43 



50 



2 5 



[0024] A multi-pressure tap Hassler sleeve containing a Berea sandstone core was utilized to determine the water 
permeability reduction produced by the various copolymers described in Table I. The permeability reduction tests were 
run at a temperature of 175°F utilizing a brine containing 9% by weight sodium chloride and 1% by weight calcium 
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chloride. 

[0025] The following procedure was utilized for a first series of tests, the results of which are shown in Table II below. 
The above described brine was flowed through the Berea core until the pressure stabilized, yielding an initial perme- 
ability. The polymer or copolymer tested was dissolved in the above described brine in an amount of 2,000 parts per 
million, and 100 milliliters of the treatment solution containing the polymer or copolymer was flowed into the core and 
overfished through the core with 1 00 milliliters of the above described brine, both of which were flowed in the opposite 
direction to the initial brine flow. The brine flow was then resumed in the original direction until the pressure again 
stabilized and final permeability was calculated. The percent brine permeability reduction was calculated using the 
formula [1 -(final permeability/initial permeability)] x 1 00. The multi-tap Hassler sleeve allowed the core permeability to 
be divided Into four segments. In the tests, the initial brine flow was from segment 1 through segment 4. The treatment 
solution and displacement brine flow were from segment 4 through segment t , and the final brine flow was from segment 

1 through segment 4. The initial and final permeabilities were calculated for the middle two segments, i.e. : segments 

2 and 3. The results of the tests are set forth in Table il below. 



TABLE II 



Permeability Reduction In Berea Sandstone At 175° 


Polymer or Copolymer No. 


% Brine Permeability Reduction - 


% Brine Permeability Reduction - 




Segment 2 


Segment 3 


1 (Control) 


38 


20 


2 


33 


53 


3 


35 


35 


4 


30 


43 


5 


43 


52 


6 


48 


65 


7 


10 


42 


8 


60 


60 


9 


45 


35 



[0026] From Table II, it can be seen that the copolymers of this invention produced greater brine reduction than 
polymer No. 1 (unmodified poiyacrylamide). 



Example 2 

[0027] The tests described in Example 1 were repeated except that a different flow sequence was utilized to simulate 
a subterranean zone which initially produced oil but later "watered out," i.e., produced only brine but still had residual 
oil trapped therein. This scenario was simulated by flowing a sequence of brine and oil (kerosene) through the core. 
In a first set of tests, the sequence was first brine, then oil, then brine, then oil, then brine, then the treatment solution 
and then brine. The third brine flow was used to calculate the initial permeability to brine at residual oil conditions. This 
permeability was used along with the permeability calculated after the final brine flow to determine the percent brine 
permeability reduction. To determine the impact of thermal degradation, following the final brine flow, some testing was 
performed where the core was shut-in at temperature over night and flow was resumed the next day. The brine per- 
meability was determined after the shut-in. 

[0028] Another series of tests were run to simulate what happens if the treatment solution enters an oil-producing 
zone containing residual water. These tests were conducted with a flow sequence of a first brine flow, then an oil flow, 
then a second brine flow, then a second oil flow, then the treatment solution flow followed by a third oil flow. The second 
oil flow was used to calculate the initial oil permeability and the last oil flow was used to determine the permeability to 
oil after treatment. The percent oil permeability reduction was determined in the same manner as described above for 
determining the percent brine permeability reduction. The results of these tests are given in Table III below. 
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TABLE III 



Permeability Reduction In Berea Sandstone At 176°F 


Polymer or 


% Brine 


% Brine 


% Brine 


% Brine 


% Oil 


% OH 


Copolymer 


Permeability 


Permeability 


Permeability 


Permeability 


Permeability 


Permeability 


No. 


Reduction 


Reduction 


Reduction 


Reduction 


Reduction 


Reduction 




-Segment 2 


-oegment 3 


-Segment 2 


-Segment 3 


-Segment 2 


-Segment 3 








24 Hour 


24 Hour 












Shut-in 


Shut-in 






1 (Control) 


25 


45 


-65 


-30 






3 


46 


55 






-30 


0 


4 


55 


72 






20 


-10 


5 


45 


70 






-50 


-40 


10 


35 


50 


35 


50 






11 


55 


75 











[0029] From Table Ml, it can be seen that the copolymers of this invention functioned to increase the brine permeability 
20 reduction as compared to polymer No. 1 (poryacrylamide). 

[0030] It can also be seen that polymer No. 1 (poryacrylamide) lost effectiveness after 24 hours. In comparison, 
copolymer No. 1 0 retained its effectiveness after the 24 hour shut-in. The percent oil permeability reduction numbers 
were negative indicating increased oil permeability after the treatment. 

25 Example 3 

[0031] The tests described in Examples 1 and 2 (with the exception of the oil permeability reduction tests of Example 
2) were repeated except that a different flow sequence was utilized. That is, the flow sequence was first brine, then 
oil, then brine. The second brine flow was used to calculate the initial permeability to brine under residual oil conditions. 
30 The treatment solution was then flowed through the core and overt lushed through the core with 1 00 milliliters of brine 
which was followed by 25 milliliters of oil (kerosene). Following the treatment and overflush stages, brine flow was 
again stabilized through the core in the original direction. The percent brine permeability reduction in segments 2 and 
3 before and after a 24 hour shut-in were calculated. The results of these tests are given in Table IV below. 



TABLE IV 



Permeability Reduction In Berea Sandstone At 175*F 


Polymer or 


% Brine 


% Brine 


% Brine 


% Brine 


Copolymer No. 


Permeability 


Permeability 


Permeability 


Permeability 




Reduction - 


Reduction - 


Reduction - 


Reduction - 




Segment 2 


Segment 3 


Segment 2 


Segment 3 








24 Hour 


24 Hour 








Shut-in 


Shut-in 


1 


40 


63 


0 


17 


12 


42 


66 


32 


60 


13 


65 


85 


55 


80 


10 


72 


78 


58 


68 


14 


65 


82 


48 


74 


15 


78 


83 


76 


83 



[0032] From Table IV, it can be seen that the control poiyacrylamide lost its effectiveness after the 24 hour shut-in. 
The copolymers of the present invention produced higher levels of brine permeability reduction and maintained their 
effectiveness after the 24 hour shut-in. 
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Claims 

1 . A method of treating a water and hydrocarbon producing subterranean formation to reduce the water permeability 
thereof, which method comprises introducing into said formation a water flow resisting chemical comprised of a 
polymer of at least one hydrophilic monomer and at least one hydrophobically modified hydrophilic monomer, 
which polymer attaches to adsorption sites on surfaces within the porosity of said formation to reduce the water 
permeability thereof without substantially reducing the hydrocarbon permeability. 

2. A method according to ciaim 1, wherein said hydrophilic monomer is selected from acrylamide, 2-acrylamido- 
2-methyl propane sulfonic acid, N.N-dimethylacrylamide, vinyl pyrrolidone, dimethylaminoethyi methacrylate 
acrylic acid, dimethylaminopropylmethacrylamide, trimethylammoniumethyl methacrylate chloride, methacryla- 
mide and hydroxyethyl acrylate. 

3. A method according to claim 1 or 2, wherein said hydrophobically modified hydrophilic monomer is selected from 
alkyl acrylates, alkyl methacrylates, alkyl acrylamldes and alkyl methacry lam ides wherein the alkyl radicals have 
from 4 to 22 carbon atoms; alkyl dimethylammoniumethyl methacrylate bromide, alkyl dimethylammoniumethyl 
methacrylate chloride and alkyl dimethylammoniumethyl methacrylate iodide wherein the alkyl radicals have from 
4 to 22 carbon atoms; and alkyl dlmethylammonlum propylmethacrylamlde bromide, alkyl dlmethylammonium pro- 
pylmethacrylamide chloride and alkyl dimethylammonium propylmethacrylamide iodide wherein the alkyl groups 
have from 4 to 22 carbon atoms. 

4. A method according to claim 1 , 2 or 3, wherein the mole ratio of said hydrophilic monomer to said hydrophobically 
modified hydrophilic monomer in said polymer is from 99.98:0.02 to 90:1 0. 

5. A method according to claim 1 , 2, 3 or 4, wherein said polymer is selected from an acrylamide/octadecyldimeth- 
ylammoniumethyl methacrylate bromide copolymer, a dimethylaminoethyi methacrylate/hexadecyldtaethylammo- 
niumethyl methacrylate bromide copolymer, a dimethylaminoethyi methacrylate/vinyl pyrrolidone/ hexadecyld- 
imethylammoniumethyl methacrylate bromide terpofymer and an acrylamide/2-acrylamido-2-methy» propane sul- 
fonic acid/2-ethylhexyl methacrylate terpolymer. 

6. A method according to any of claims 1 to 5, wherein said polymer has a molecular weight in the ranae of 1 00 000 
to 10,000,000. y 

7. A method according to any of claims 1 to 6, wherein said polymer is dissolved in an aqueous carrier liquid, preferably 
55 an aqueous salt solution. s r 

8. A method according to claim 7, wherein the carrier liquid is an aqueous salt solution selected from potassium 
chloride, sodium chloride, ammonium chloride and calcium chloride, the salt being present in said aqueous salt 
solution in an amount of from 2% to 1 0% by weight of said solution. 

9. A method according to claim 7 or 8, wherein said aqueous carrier liquid solution further comprises a surfactant 
dissolved therein , preferably cocoylamidopropylbetaine in an amount of from 0. 1 % to 2% by weight of said carrier 
liquid solution. 

10. A method according to any of claims 1 to 9, which further comprises the step of introducing a hydrocarbon liquid 
or a gas into said formation after the introduction of said water flow resisting chemical therein, said hydrocarbon 
liquid preferably being kerosene, diesel oil or crude oil, and said gas preferably being methane, natural gas or 
nitrogen. 

50 
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